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pH-Dependence of water and solute transport in toad urinary
bladder. Stimulation of urea and water transport by vasopressin
(ADH) appears to occur via independent pathways. We exam-
ined the effects of altering serosal or mucosal bath pH on trans-
port of water, urea, and sodium. Compared to bladders with a
serosal bath pH of 7.4 to 8.0, reducing the serosal bath pH to 6.8
led to a 60% fall in ADH-stimulated osmotic water flow, without
decreasing the permeability of urea. Raising the serosal pH to 9.5
had the opposite effect: urea permeability was inhibited by 40%
without altering water flow. Exogenous cyclic AMP-stimulated
water and urea permeabilities were not dissociated, but were
changed in the same direction by alterations in serosal pH: sero-
sal acidification enhanced the effect of exogenous cyclic AMP on
both urea and water, whereas the cyclic AMP effect on both was
diminished by serosal alkalinization. This was especially marked
for urea, suggesting that an alteration in the urea response to
cyclic AMP may be particularly important in defining vasopres-
sin-stimulated urea permeability as the serosal bath pH is al-
tered. Mucosal acidification increased short circuit current but
decreased both the urea and water response to ADH and 8-
bromo-cyclic AMP. The response to cyclic AMP was less consis-
tent. Mucosal alkalinization did not cause significant changes in
either basal or stimulated transport. The data demonstrate dis-
tinct and separable effects of bath pH alterations on each of the
transport systems examined.
Dépendance vis-à-vis du pH du transport d'eau et de substances
dissoutes dans Ia vessie du crapaud. La stimulation du transport
d'urée et d'eau par Ia vasopressine (ADH) parait étre effectuée
par des voies indépendantes. Dans ce travail nous avons étudié
l'effet des modifications du pH du bain séreux ou muqueux sur le
transport de l'eau, de l'urée et du sodium. Par comparaison avec
des vessies dont le bain séreux est a pH 7,4 a 8,0 l'abaissement
du pH du côtë séreux a 6,8 determine une diminution de 60% du
debit osmotique d'eau sous stimulation par l'ADH, sans abaisse-
ment de Ia permdabilité a l'urée. L'augmentation du pH séreux a
9,5 a l'effet oppose: la perméabilité a l'urée est inhibée de 40%
sans modification du debit d'eau. Les perméabilités a l'eau et a
l'urée sous stimulation par cAMP ne sont pas dissociées mais
sont modifiées dans le méme sens par les changements du pH
séreux: l'acidification augmente l'effet de cAMP exogène a la
fois sur l'eau et l'urée alors que ces deux effets sont diminués par
l'alcalinisation séreuse. Cela est particulièrement net pour
l'urée, ce qui suggère qu'une modification du comportement de
l'urée sous l'influence de cAMP peut étre particulierement im-
portante pour définir Ia permeabilité a l'urée stirnulée par la
vasopressine quand le pH séreux est change. L'acidification du
côté muqueux augmente le courant de court-circuit mais diminue
les réponses de l'urée et de l'eau a l'ADH et au 8-Br-cAMP. La
réponse a l'AMP cyclique est moms nette. L'alcalinisation du
côté muqueux ne determine de modification ni du transport bas-
al, ni du transport stimulé. Ces résultats démontrent des effets
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distincts et séparables des modifications du pH sur chacun des
systémes de transport étudiés.
Based on previous studies demonstrating selec-
tive inhibition of vasopressin-stimulated water flow
or urea permeability in toad urinary bladder by
phioretin [1], oxidizing agents [2], and general anes-
thetics [3], we have proposed that urea and water
permeabilities are modulated by independent vaso-
pressin and cyclic-AMP-responsive mechanisms.
In addition to pharmacologic agents, alterations
in the cellular environment also may affect pro-
foundly cell function. In this paper, we extend our
previous observations, as well as those of other in-
vestigators [4-7], by examining the effect of altering
serosal and mucosal bath pH on the vasopressin-
responsive transport of water, urea, and sodium.
The data presented demonstrate distinct and dif-
ferent effects of pH on each of the transport systems
examined, and add additional support to the "sepa-
rate pathways" hypothesis. Furthermore, systemic
acidosis has been shown to inhibit distal nephron
sodium transport in dogs [8]. Our studies are consis-
tent with these observations.
Methods
Female Dominican toads (National Reagents,
Bridgeport, Conn.) were doubly pithed, and glass
bungs were tied into both hemibladders in situ. The
bladders were excised and washed inside and out
three times with amphibian phosphate-buffered
Ringer's solution containing 120 m sodium, 4 mM
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potassium, 0.5 m calcium, 116 ifiM chloride, 5 mM
phosphate (230 mOsmlkg; pH, 7.4). They were fi-
nally filled with 8 ml of Ringer's diluted 1:2 with dis-
tilled water and suspended in a bath containing 35
ml of full-strength Ringer's solution which was
identical to the washing Ringer's except for the buf-
fer and pH. Stirring was provided by magnetic stir-
rers inside and out to minimize the unstirred layer
effect [9]. 14C-urea was added to the mucosal bath.
Osmotic water flow was determined by weighing
the bags [10]. Urea permeability coefficient (Ktrans
urea) [11] was determined by sampling the serosal
and luminal solutions at I 5-mm intervals. Samples
were pipetted into Aquasol (New England Nuclear
Corp., Boston, Massachusetts) and counted in a liq-
uid scintillation counter (Tri-Carb, Packard In-
strument Co., LaGrange, Illinois). Short-circuit
current (SCC) was determined in plastic (Lucite®)
chambers with a central dividing partition [12].
In all experiments, results obtained in one hemi-
bladder (or quarter-bladder in the case of SCC)
were compared to those of paired hemibladder or
quarter-bladder by the paired analysis method [13].
Linear regressions were drawn by the least-squares
method [13]. Bladders were preincubated for 30 to
45 mm before beginning the permeability measure-
ments. The basal period refers to a single 15-mm
I I I
7.4 8.0
(Control)
period prior to stimulation with either vasopressin
(Pitressin®, Parke-Davis, Detroit, Michigan), 8-
bromo-cyclic AMP, or 3',S'-cyclic AMP (cyclic
AMP) (Sigma Chemical Company, St. Louis, Mis-
souri), and the posttreatment period represents the
average of two consecutive 15-mm periods after
stimulation. Vasopressin, unless stated otherwise,
was added to the serosal bath at a final concentra-
tion of 86 mU/mI. Cyclic AMP was added to the
serosal bath at a final concentration of 12 m and 8-
bromo-cyclic AMP at 2 mM.
In all experiments, paired bladders were treated
identically, including buffer, except for the pH dif-
ference in baths tested.
Phosphate-buffered Ringer's (5 mM) was used in
all baths when the effects of acidification were ex-
amined, and either Tris or glycine buffered Ringer's
was used in all baths for studies at alkaline pH. All
bath pH's were 8.0, with the exception of the partic-
ular bath altered.
All results were compared to a standard reference
pH of 8.0. In a series of four paired experiments,
water flow and urea permeability at a pH of 8.0
were shown to be identical to those at a pH of 7.4
(see Fig. 1).
Results
Effects of serosal bath pH changes. As shown in
Table 1 and Fig. 1, decreasing serosal bath pH to
6.8 slightly enhanced basal water flow, but it
markedly inhibited vasopressin stimulation of water
flow; urea permeability was unaltered. In contrast,
increasing serosal bath pH to 9.5 selectively inhib-
ited both basal and vasopressin-stimulated urea per-
meability while leaving water flow unaffected.
Figure 2 compares the effects of acid serosal bath
pH on the water and urea permeability increments
at graded vasopressin concentrations. At 86 mU/ml
vasopressin, the inhibitory effect of acidification
was limited to water. At lower vasopressin concen-
trations, both water and urea permeabilities were
inhibited, although the latter was affected to a much
smaller extent. This pattern follows closely the in-
hibitory pattern we have previously reported [3] for
several short-acting anesthetic agents.
When exogenous cyclic AMP, rather than vaso-
pressin, was used to stimulate transport, a different
pattern was observed: the changes in water flow
and urea permeability occurred in parallel (Table 2).
Serosal bath acidification enhanced, and alkaliniza-
tion attenuated the effects of cyclic AMP on both
processes. The response of cyclic-AMP-stimulated
urea transport to serosal pH changes was far greater
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Fig. 1. Effect of altering serosal bath pH on vasopressin-slimu-
lated water flow and urea permeability (mean SEM). Vaso-
pressin, 86 mU/mi, was used in all experiments.
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Table 1. Effects of altering serosal bath pH on water flow and urea permeability stimulated by vasopressin
Acidification (N = 17) Alkalinization (N = 10)
8.0 pH9.5pH6.8 pH8.0 pH
Water flow, pilmin
Basal 3.8 04d 2.9 0.3 2.6 0.6 4.5 1.4
Vasopressin 20.5 1.9c 49.3 3.5 43.1 6.9 43.7 6.1
Vasopressin increment 16.7 1.9e 46.4 3.5 40.5 6.8 39.2 6.2
urea, cm/sec x 10
Basal 171 35 169 34 97 33 51 171
Vasopressin 510 45 550 56 426 41 297 37"
Vasopressin increment 339 39 381 44 329 29 246 28a
P <0.05, compared to pH 8 value.b <0.01, compared to pH 8 value.
P <0.001, compared to pH 8 value.
P <0.05, compared to pH 8 value when combined with basal data from Table 2.
than that of water was. The increment in urea per-
meability increased by 13-fold and then 5-fold as the
pH was changed from 9.5 to 8.0 and then to 6.8. In
contrast, the increment in water flow increased by
only 2.5-fold and 2-fold over the same pH ranges.
The finding that altering pH has a greater effect on
cyclic-AMP-stimulated urea transport than it does
on water flow is confirmed in the experiments sum-
marized in Table 3. Here, exogenous cyclic AMP
concentrations (9 and 12 mM) were selected to give
equal increments in water flow (8.0 vs. 8.5 d/min)
at a serosal pH of 6.8 and 7.4, respectively. Under
these conditions, the increment in urea transport at
a pH of 6.8 was more than six times greater than it
was at 7.4. The experiment also suggests that the
effects of pH on cyclic AMP stimulation of urea and
water transport are not simply the result of pH-in-
duced changes in the rate of entry of cyclic AMP
into the cell, since equivalent effects on water flow
are not accompanied by equivalent effects on urea
transport.
Table 4 shows another feature of cyclic-AMP-
stimulated transport at a pH of 6.8: the magnitude
of the response for both water and urea equaled the
response to a saturating (86 mU/ml) concentration
of vasopressin at a pH of 6.8. For urea, this appears
to be a "maximal" response since serosal acid-
ification has no effect on vasopressin-stimulated
urea permeability.
Basal short-circuit current was moderately dimin-
ished by acidifying the serosal bath to a pH of 6.8
(Fig. 3, A). Increasing the serosal bath pH to 9.5
(Fig. 3, B) caused a small increase and then a fall in
basal short-circuit current. The increment in short-
circuit current produced by vasopressin was not al-
tered over the serosal bath pH range examined.
Effects of mucosal bath pH change. Mucosal
acidification stimulated baseline short-circuit cur-
rent (Fig. 4, A) and slightly stimulated water flow,
whereas urea permeability was depressed (Table 5).
Mucosal acidification did not alter the vasopressin
increment in short-circuit current. Acidification de-
pressed stimulation by vasopressin and 8-bromo-
cyclic AMP of both water and urea (Table 6). The
response to 12 m cyclic AMP was less consistent.
In one series of experiments, mucosal acidification
impaired the response of both urea and water to cy-
clic AMP (Table 6, series A). In contrast, in a sec-
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Fig. 2. Effect of varying vasopressin concentration in hemiblad-
ders having a serosal bath pH of 6.8 compared to hemibladders
having a serosal bath pH of 8.0 (N = 8, 4, and 17) at vaso-
pressin concentrations of /1, 29, and 86 mU/mi, respectively.
The percentage of water was 5.3 + 0.35 [vasopressin], r = 0.73,
P <0.001. The percentage of urea was 56.9 0.46 [vasopressin],
r = 0.77, P <0.01.
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Table 2. Effects of altering serosal bath pH on water flow and urea permeability stimulated by cyclic AMP
Acidification (N = 8) Alkalinization (N = 9)
pH6.8 pH8.0 pH 8.0 pH9.5
Water flow, p1/mm
Basal 4.9 Ø7d 3.5 0.4 2.9 0.5 3.0 0.4
Cyclic AMP 15.7 l.9 9.0 3.0 11.3 0.9 6.5
Cyclic AMP increment 11.0 1.7" 5.5 2.9 8.4 1.1 3.4 1.1"
Ktran urea, cm/sec x 1O
Basal 102 44 81 43 72 20 55 12d
Cyclic AMP 349 91' 123 59 123 59 60 12'
Cyclic AMP increment 247 59C 43 18 51 13 4 5"
a P <0.05, compared to pH 8 value.
P <0.01, compared to pH 8 value.
P <0.001, compared to pH 8 value.
d P <0.05, compared to pH 8 value when combined with basal values from Table 1.
Table 3. Effects of altering serosal pH on urea permeability at
exogenous cyclic AMP concentrations selected for equal water
flow response (N = 6)"
pH 6.8 pH7.4
Water flow, p1/mm
Basal 2.1 1.0 3.4 0.7
Cyclic AMP 10.1 1.1 12.0 1.8
Cyclic AMP increment 8.0 1.4 8.5 2.0
Ktran urea, cm/sec x IO
Basal 40 33
Cyclic AMP 110 27 42 8'
Cyclic AMP increment 70 18 9 4'
Serosal cyclic AMP concentrations were chosen to yield
equal water flow increments: 9 m cyclic AMP was used for
experiments at the serosal pH of 6.8; 12 m cyclic AMP was
used for experiments at the serosal pH of 7.4.h <0.005.
"P <0.025.
Table 4. Comparison of the effects of vasopressin and cyclic
AMP on water and urea permeabilities at serosal bath pH 6.8a
Water flow, p1/mm Ktran, urea, cm/sec x 1O
Vasopressin cAMP Vasopressin cAMP
Basal 2.1 0.4 2.1 0.4 73 43 81 40
Stimulated 15.1 1.1 15.7 2.7 260 10 250 35
Increment 13.0 1.2 13.5 2.7 187 41 170 26
a Serosal bath pH was 6.8 and mucosal bath pH 8.0 for all
tissues.
ond set, acidosis did not alter cyclic AMP stimula-
tion of either water flow or urea permeability (Table
6, series B). Note that in toads used in the second
set of experiments, basal urea permeabilities were
similar among experimental and control hemiblad-
ders, and urea permeability increased very little
with the addition of cyclic AMP in the control he-
mibladders (baseline, 60 10; after cAMP, 94 17
x 107cm/sec), so that differences between groups
of toads appear important here.
Mucosal alkalinization did not alter basal osmotic
water flow or urea permeability (not shown) or
short-circuit current (Fig. 4, B). Transport of water
and urea after stimulation by vasopressin or cyclic
AMP was also unchanged.
Discussion
In this study, we have shown that acidification of
the serosal bath selectively inhibits vasopressin-
stimulated osmotic water flow without altering urea
permeability, whereas an alkaline serosal bath se-
lectively depresses vasopressin-stimulated urea
permeability, leaving water flow unaffected. In con-
trast, cyclic AMP stimulation of both water and
urea permeabilities were enhanced by serosal acid-
ification and attenuated by alkalinization.
The effects of altering serosal bath pH on cyclic-
AMP-stimulated flow conform closely to those
reported by Gulyassy and Edelman at a cyclic AMP
concentration of 3.4 mrvi [19], though their data
show little change in hydroosmotic effect of 12 mvt
cyclic AMP over this pH range. We would attribute
this discrepancy to differences in bladder sensitivity
to exogenous cyclic AMP.
The effects of bath pH alteration could have been
mediated by changes at any of several sites, in-
cluding vasopressin binding, adenylate cyclase,
phosphodiesterase, or any of the more distal steps
linking increases in cyclic AMP levels with the
eventual enhancement of luminal membrane per-
meabilities. This would be true for alterations in
serosal bath pH, since intracellular pH in the toad
bladder changes in parallel with serosal bath pH
[14] but is not altered by changes in mucosal bath
pH [7].
Considering the sites which may be modified by
pH, vasopressin-binding in toad bladder and pig re-
nal medulla is pH-sensitive, with an optimum pH of
8.0 to 8.5 [15], whereas adenylate cyclase has a pH
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optimum of about 7.5 [16]. Phosphodiesterase ap-
pears most active at a pH of 7.5 to 8.5 in several
tissues [17] and is inhibited considerably at a more
acid pH [18]. In contrast, uptake of exogenous cy-
clic AMP, at least into the whole bladder, does not
appear to be altered by serosal pH changes [19].
The experiments summarized in Table 3 also argue
against a pH-determined alteration in cyclic AMP
uptake.
Thus, the net effect of altering bath pH may well
A
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Fig. 3.A Effect of serosal acidification on short circuit current. After achieving stable baseline at serosal bath pH 7.4, sodium hydroxide(.—.) or hydrochloric acid (o---o)was added to bring serosal bath pH to 8.0 or 6.8. Vasopressin, 86 mU/mi, was added at 30 mm(N = 4). Asterisk denotes P <0.05 in this and subsequent figures. B Effect of alkaline serosal bath pH on short circuit current. Stable
baseline was achieved at serosal bath pH 8.0. Sodium hydroxide was added to (o---o) serosal bath at 0 mm. Vasopressin, 86 mU/ml,
was added to both tissues at 30 mm (N = 4).
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Fig. 4. A Effect of acid mucosal bath pH on short circuit current. Hydrochloric acid was added to (o---o) mucosal bath at 0 mm. Protocol
was otherwise identical to Fig. 3B. B Effect of alkaline mucosal bath pH on short circuit current. Sodium hydroxide was added to
(o---o) mucosal bath at 0 mm. Protocol was otherwise identical to Fig. 3B.
I I I I I
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Table 5. Effect of rnucosal acidification on basal water flow and urea permeability (N = 42)0
pH
4.5
pH
8.0 Change P
Water flow, ,dImin 3.7 0.2 3.0 0.2 0.7 0.2 <0.01
Ktrans urea, cm/sec >< IO 102 10 138 18 —36 12 <0.01
a Serosal bath pH was 8.0 in all tissues.
Table 6. Effect of mucosal acidification (pH, 4.5) on water flow
and urea permeability after stimulation by vasopressin or cyclic
nucleotides
Water flow Ktraos urea
% of control tissue
Vasopressin, 86 mU/mi (N = 13) 83 70 39 240
8-Bromo-cAMP, mrt (N = 6) 66 120 30 270
Cyclic AMP, mM
Group A (N = 6) 64 7 70 100
Group B (N 17) 87 9 11f 10
P < 0.01 compared to value at mucosal pH 8.0.
represent an integration of effects on cyclic AMP
generation and breakdown, as well as alterations in
the sensitivities of the final transport pathways to
the resultant cell cyclic AMP levels. For example,
Beck and Kim [20] have shown that acidosis de-
creases both vasopressin-stimulated adenylate cy-
clase activity and phosphodiesterase activity in rat
renal medulla, and they have suggested that the in-
hibition of phosphodiesterase by acidosis is of over-
riding importance in enhancing the water flow re-
sponse to exogenous cyclic AMP in toad urinary
bladder, but that the inhibition of cyclase predomi-
nates in decreasing the response to vasopressin.
This may well be the situation in the toad bladder.
The pattern of urea response differs considerably
from the water response. Urea permeability is al-
tered only minimally by serosal acidification even in
the presence of submaximal levels of vasopressin.
Furthermore, the response of urea permeability to
exogenous cyclic AMP is much more sensitive to
changes in serosal pH than the water permeability
response is. As serosal pH was changed from 6.8 to
9.5, the urea response fell from a level comparable
to that of maximal vasopressin (Table 5) down to
almost zero (Table 2). Thus, in contrast to the pH
effect on vasopressin stimulation of water flow, the
pH effect on urea appears to be influenced primarily
by alterations in the response to cyclic AMP, rather
than by changes in earlier steps modifying cyclic
AMP levels. We cannot tell from the present data
whether the greater sensitivity of the cyclic—AMP—
stimulated urea system to changes in pH is due to
an increase in the pH-sensitivity of the post-cyclic
AMP effectors of the urea transport system, an en-
hanced pH-sensitivity of a phosphodiesterase close-
ly related to a cyclic AMP pooi controlling urea per-
meability, or to the presence of some parallel sys-
tem which might selectively blunt the effect of pH
changes on the water flow response to exogenous
cyclic AMP but leave the urea system relatively un-
protected.
Conceivably, at least some of the effects of sero-
sal bath pH alterations could be mediated by altera-
tions in intracellular potassium concentration. For
example, acidosis could lower intracellular potas-
sium concentration as it does in the rat distal neph-
ron [21]. Basal short-circuit current is depressed by
both potassium depletion [22] and acidification. In-
tracellular potassium depletion, however, has been
shown to decrease the hydroosmotic response to
both vasopressin and cyclic AMP [23], in contrast
to the effect of acid serosal bath pH.
Turning now to the effects of mucosal pH altera-
tions, mucosal acidification enhanced sodium trans-
port, as measured by an increase in short-circuit
current, which persisted after vasopressin. Leaf et
a! have shown a similar effect. Basal osmotic water
is modestly enhanced. It has been shown in red
blood cells that acid pH enhances the aggregation of
intramembranous particles [24]. In the toad blad-
der, aggregation of luminal membrane intra-
membranous particles (which may or may not be
the same as those in the erythrocytes) is closely
linked to transmembrane water permeability, rais-
ing the possibility that mucosal acidification en-
hances water flow in toad bladder by a direct effect
at the luminal membrane.
Mucosal acidification depresses basal urea per-
meability. In a previous study [7], acidosis did
depress basal urea permeability (difference SEM
was 12 3.8, N = 6, t = 3), which we calculate as
being significant, although no further discussion
was offered then. Stimulation by vasopressin, 8-
bromo-cyclic AMP, and cyclic AMP in general is re-
duced for both water and urea, presumably at a step
following the generation of cyclic AMP. As noted in
the Results section, the data were not always con-
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sistent, and in one series of experiments (cyclic
AMP, group B), no depression of either water or
urea was shown. We are unable to explain at
present if this was due to seasonal variation or if it
was related to the relatively small cyclic AMP in-
crement in urea permeability in these experiments.
In contrast to acidification, mucosal alkaliniza-
tion did not alter transport of any of the substances
measured.
In summary, the transport of three vasopressin-
responsive substances, water, urea, and sodium,
appear to be modified independently by changes in
pH of either the serosal or mucosal bathing medi-
um. The role of such effects on clinical acid-base
and water metabolism is difficult to extrapolate with
confidence from these data, although these effects
are consistent with previous reports that systemic
acidosis inhibits distal nephron sodium transport in
dogs [8].
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